INTRODUCTION
Fe-Cr-A1 type ferritic alloys are used for the manufacture of heating resistors for high temperature electric furnaces. These refractory alloys show a great resistance to high temperature oxidation. Their high aluminium content (w 5%) allows the formation of an alumina refractory layer (Al203) which protects them. However, the formation of this oxide layer is associated with the development of lateral stresses which favours spallation, particularly during thermal cycling [I] . The increase of oxidation rate which follows this spalling, decreases the in-service lifetime of components.
Several solutions have been proposed to improve the hot oxidation behaviour of Fe-Cr-Al. Manufacturers try to promote "modified" Fe-Cr-A1 alloys, in particular, by the addition of yttrium or by fabrication by powder metallurgy. Yttrium develops a stable oxide ; thus increasing the adherence of this oxide layer, particularly during thermal cycling [2] . In the same way, fabrication by powder metallurgy should improve the resistance to oxidation of such alloys at high temperatures (according to the manufacturer). This method of fabrication also allows the manufacturing of tubes which are interesting for industrial resistors.
In order to understand the different behaviours of the various types of Fe-Cr-A1 alloys, ELECTRICITE DE FRANCE has undertaken extensive research programs. In this paper, we report a comparative study carried out on four industrial Fe-Cr-A1 alloys : two of them were Fe-Cr-A1 alloys fabricated either by melting (alloy A) or by powder metallurgy (PM : alloy B). The two other ones were Fe-Cr-Al-Y alloys either produced by melting (alloy C) or by mechanical alloying (MA : alloy D). In particular, we have characterized the alloy structures in the as-received condition and analysed the mechanism of the degradation during isothermal and cyclic oxidation from 1000°C up to 1300°C.
EXPERIMENTAL METHOD
The industrial products were received in the form of 3.25 mm diameter wires. The chemical composition of these products is reported in Table I . We noticed that both yttrium-free alloys contain zirconium. The yttrium-containing alloy fabricated by mechanical alloying (alloy D) had titanium.
The characterization of the as-received products was carried out by optical and scanning electron microscopy (SEM). Particles were identified by energy dispersive X microanalysis.
Isothermal oxidation tests were carried out in synthetic dry air with a SETARAM 92 thermobalance for 24 hours at 1000, 1100, 1200 and 1300°C and for 72 hours at 1300°C. Cyclic oxidation was obtained in the same apparatus by 4 cycles for 18 hours at 1300°C. At the end of each cycle, a half hour cooling down to 250°C and an exposure at this temperature during 30 minutes were imposed on the samples. These were prepolished with a 1200 grit abrasive paper then finished with 2p m diamond paste. For each temperature and alloy, the results are an average of three tests.
Identification of the oxide layers formed was determined by X-ray diffraction on the oxidized samples. The structural aspect of the oxide layers was studied in the aged products by optical and scanning electron microscopies. Contents of aluminium and yttrium were determined by EDS. For these analyses, each measurement was carried out in a zone wide enough to take into account the yttrium in solid solution or trapped into precipitates. 
EXPERIMENTAL RESULTS

As received structure
The main differences between these alloys essentially occur in the microstructure. The grain size is about the same in both the yttrium-free alloys (A and B) but the distribution of precipitates is slightly different.
In both the Fe-Cr-A1 alloys (A and B), microanalysis showed that zirconium is trapped into primary type nitrides. In the alloy B, the size of these precipitates is smaller than that of the alloy produced in the conventional way. We also noticed the presence of small particles of alumina in the PM alloy (alloy B). This oxide probably results from a partial oxidation of aluminium during sintering.
In the Fe-Cr-A1-Y alloy produced by melting, yttrium is present in small oxides and mainly in bulky and angular (Y,A1)2(Fe,Cr)l7 type phases. These are often gathered into clusters and their fractured aspect suggests that they are brittle. On the other hand, in the MA alloy, we were not able to observe the distribution of yttria particles, since they are submicroscopic (according to the manufacturer).
Thermogravimetry results
The curves obtained after isothermal and cyclic oxidation for 72 hours at 1300°C are presented in figures 1 and 2. For both the cases, the Fe-Cr-A1 alloys (A and B) have about the same behaviour. The PM alloy (B) has a kinetic slightly lower than that of the melting alloy (A). The Fe-Cr-Al-Y alloy produced by melting (C) presents the highest weight gain after exposure. On the other hand, the MA alloy has the better behaviour. Nevertheless after 72 hours exposure, the weight gain of this alloy is about the same as that of Fe-Cr-A1 alloys. For this time, the slope of the curve of the alloy D seems to remain constant while that of the Fe-Cr-A1 alloys decreases slightly. For the four studied products, the kinetics of isothermal oxidation is approximatly parabolic. The relationship between the square weight gain (mg2.cm4) and the exposure time (s) is as follows :
where Kp is the parabolic constant of oxidation (mg2.cm-4. s-1) and KO a constant (mg2.cm-4). The values of Kp measured for the four alloys at 1000, 1100, 1200 and 1300°C are reported in the Table   11 . We notice that the yttrium-containing alloys generally present the highest values of K , except for P the MA alloy at 1300°C. Since oxidation reactions are thermally activated phenomena which follow an Arrhenius law : Kp = K. e-AH/RT (2) we have determined AH for a temperature range from 1000 up to 1300°C (Table 11 ). The activation energy is about the same for both the yttrium-free alloys (250-255 kJ/Mol). It is higher for the Fe-CrAl-Y alloys ( > 300 kJ/Mol), in particular for the MA alloy (= 400 kT/Mol). This probably results from the influence of Yttrium on the diffusion kinetics of aluminium and oxygen, particularly within the oxide layer. 
s-l) AND VALUES OF AH (WIMol).
After cyclic oxidation, the range of the alloys is identical with that determined in isothermal conditions. Moreover, during the cyclic exposures, the weight gain was about the same as during isothermal ageing. We did not observe major signs of spalling in the curves.
Surface examinations
After isothermal exposures, the oxide layer formed on both yttrium-free alloys (A and B) tends to spall. The size of the scales increases with the temperature of oxidation. The oxide of the Fe-Cr-A1-Y manufactured by melting (Alloy C) is more adherent. However, some spallations were seen on this alloy but their number and size are smaller than those observed on the Fe-Cr-Al. The MA alloy (D) is covered with an homogeneous layer of a grey oxide after all exposures. After thermal cycling, the scales size of yttrium-free alloys are bigger. On the other hand, we observed few spallations on the Alloy C but particularly a lot of cracks of the oxide layer. On the MA alloy (D), any defect of the oxide layer was observed. Its feature is exactly the same as after isothermal exposures.
The morphology of the oxide layer observed by scanning electron microscopy depends on the temperature for both the Fe-Cr-A1 alloys (A and B). For the lowest temperature, the oxide layer had a honeycomb aspect. In spalling zones, oxide is rather lamellar. When the temperature increases, oxide tends to become granular. The oxide grains of the yttrium-containing alloys is always granular at the studied temperatures, except for the alloy C at 1000°C, for which the morphology would rather be of the honeycomb type. Figure 2 presents the aspect of the oxide layers observed by SEM on the samples oxidized for 24 hours at 1200°C. Although their chemical composition is similar, the aspect of both the Fe-Cr-A1 alloys is quite different. On the alloy A, the surface is globally regular and the oxide grains are small and compact. Cracks can be seen on the oxide surface. On the other hand, the surface of the oxide layer of the alloy B is rough. The convoluted oxide is composed of grains of about the same size as on the alloy A but they seem to be agglomerated in clusters. The surface of the oxide layer of the alloy C is quite smooth. It is composed of very small grains which seem to have coalesced. Between them, we often observe voids. On the alloy D, the oxide grains are larger than those of the alloy C. These grains have a polycristalline form and seem to be very compact. Nevertheless, pores are present in some triple grain boundaries.
Cross-sections investigations
The oxide layers observed on cross-sections of all the alloys are generally compact and regular. However, after thermal cycling, the surface of the yttrium-free alloys becomes convoluted. The thickness of the oxide is not constant and localized scale detachments from the alloy can be observed. On the yttrium-containing alloys the oxyde layer remains compact and more adherent. Beneath the surface of the alloy C, typical intergranular pegs of oxide are developed. On the other hand, the MA alloy, which contains a higher yttrium amount, does not present oxide pegging.
The oxide thickness measured on the samples increases when the temperature rises but it is approximatively the same for all the alloys. However, at 1300°C, the MA alloy develops a thinner layer than that of the other ones. In other respects, since Kp can allow the oxidation kinetics to be calculated, it is possible to theorically determine the thickness (e, in pm) of the layer as follows : e2 = Ke.t (3) MA1203 : molar mass of alumina ; M02 : molar mass of oxygen and plu,03 is the density of alumina. In the Table 111 , the measured and calculated thickness are reported. The calculated values are close to the measured ones but always lower. This could probably result from a not very accurate measurement but more certainly from the cylindrical geometry of the samples. Indeed with this geometry, the oxidized length increases when the thickness rises and so induces some mistakes.
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Oxide identification Identifications of the oxide by microanalyses show that alumina is the major component of the layers. Neverthless, in the Fe-Cr-Al-Y alloys other phases were detected. In the alloy C, oxide pegs are composed of yttria and alumina. In other respects, a very thin layer of an oxide rich in aluminium, yttrium and titanium was observed on the surface of the oxidized MA alloy. Moreover, in this alloy, particles containing an aluminium and titanium oxide had grown at the scale-alloy interface.
In the metallic matrix of all the alloys, the content levels of aluminium and yttrium (only for alloys C and D) decrease when the temperature increases, but the evolutions are too small for quantifying the loss of these elements. Nevertheless, the decrease of aluminium is about the same in all the alloys. For yttrium, it seems that its loss is higher in the alloy C than in the alloy D.
The results of X-ray diffraction performed on all the alloys showed that the oxide scales formed is principally a-Al203. We also noticed an oxide rich in yttrium and aluminium (YAlO3) on the alloy C.
DISCUSSION
Influence of the fabrication process
We have not observed any significant difference in the oxidation resistance of either of the yttrium-free alloys studied. The oxide layers have the same composition, the activation energy of the oxide is identical and the kinetics of oxidation are similar. However, the morphology of the oxidized surfaces is quite different. The oxide of the PM alloy is convoluted while that of alloy fabricated by melting is rather smooth. This convoluted feature is generally associated with a bad adherence of the oxide on the alloy. So, in this case, the powder metallurgy does not lead to an improvement of the alloy behaviour. The comparison between the yttrium-containing alloys is more difficult because their chemical composition is not exactly the same. In particular, the alloy C has the lowest chromium content. Indeed, chromium would indirectly participate in the oxidation phenomena because it would have an effect on the diffusion kinetic of aluminium. This could explain the highest oxidation kinetics of this alloy compared to the other ones. In other respects, the great difference between both the yttrium-containing alloys is the manner in which yttrium is distributed. In the MA alloys, it is trapped within submicroscopic yttria particles which are refractory. On the other hand, in the alloy C, yttrium is trapped in micrometric yttria particles but especially in intermetallic phases. During exposures, these phases are dissolved and yttrium diffuses very quickly outwards forming the oxide pegs while the yttria particles do not evolve. This phenomenon leads to a rapid consumption of yttrium from the alloy [4] . So, in this case, the advantage of the powder metallurgy is to allow the introducing of yttrium under the most adapted form (yttria particles). Moreover, it is probable that this fine distribution improves the mechanical behaviour at high temperatures of the MA alloy since the structural evolution is limited.
Influence of yttrium
Yttrium probably interacts in the diffusion kinetic of aluminium and/or oxygen in the oxide layer. Indeed, the activation energies are different between Fe-Cr-A1 et Fe-Cr-A1-Y. However, the loss of aluminium is about the same for all the alloys studied and their oxide thickness is similar. The beneficial effect of yttrium on the oxidation resistance is verified. Yttrium improves this resistance by decreasing the breakaway oxidation, in particular during oxidation cycling. However, this improvement of adherence is higher when yttrium is trapped in yttria particles than if it is distributed in intermetallic phases. CONCLUSION A study of the influence of yttrium and method of fabrication on the oxidation behaviour of FeCr-A1 alloys at high temperature in air leads to the following conclusions.
The powder metallurgy fabrication route does not improve the oxidation resistance of yttriumfree alloys. The kinetics of oxidation are similar and the oxide adherence is not improved. On contrary, the oxide of the PM alloy is convoluted ; this leads to the breakaway of the oxide, in particular during oxidation cycling. On the other hand, the powder metallurgy and particularly the mechanical alloying allows the introduction of yttrium in the form of submicroscopic particles of oxide. Yttria has a more efficient effect on the oxidation resistance than intermetallic particles generally observed in alloys produced by melting.
Concerning the influence of yttrium, its beneficial effect on the adherence of the oxide layer has been confirmed. Both the yttrium-containing alloys have a better resistance to cyclic oxidation than the yttrium-free alloys. Indeed, yttrium limits the oxide spalling .
Finally, the association of the powder metallurgy and the addition of yttrium allow the manufacturing of alloys which present an excellent behaviour to high temperature oxidation. Moreover, the fine distribution of yttria particles probably improves the mechanical characteristics of the alloys at high temperatures. In addition, since the Fe-Cr-A1 type alloys are brittle, the powder metallurgy is the only way to fabricate tubes. 
